The transport of proteins into and across a membrane is an essential event in the biogenesis of any organelle. The cellular mechanisms of protein import, however, differ from organelle to organelle, and in addition, various import pathways exist for the same compartment (1, 59) . Proteins which are destined for the lumen of peroxisomes are imported posttranslationally in a folded and even oligomeric state (for recent reviews, see references 20, 41, 63, and 71). The targeting of peroxisomal matrix proteins is mediated by two soluble cycling receptors, Pex5p and Pex7p, that deliver their cargo proteins to the peroxisomal matrix and then return to the cytosol to allow for another round of transport (extended receptor cycle) (13, 17, 42) . With respect to the targeting signal used, at least three different import pathways for peroxisomal matrix proteins exist.
The majority of matrix proteins possess the peroxisomal targeting signal PTS1, which consists of the tripeptide S-K-L (or a conserved variant thereof) at the extreme carboxy termini of these proteins (31, 47) . Proteins carrying this signal are bound in the cytosol by the PTS1 receptor Pex5p (14, 16, 28, 37, 40, 44, 72, 73, 78, 79) . The PTS1 specifically interacts with the six tetratricopeptide repeat (TPR) motifs in the C-terminal half of Pex5p (29) (Fig. 1) . The function of the N-terminal half of Pex5p, which is not as highly conserved as the TPR domain, is poorly understood.
A minor class of peroxisomal proteins contains the PTS2 signal, which consists of the sequence (R,K)-(L,V,I)-X 5 -(H,Q)-(L,A,F) near the N terminus (12, 65) . This signal is recognized and bound by the soluble receptor Pex7p (8, 9, 22, 53, 81) , which in fungi delivers PTS2 proteins to the peroxisome in conjunction with accessory proteins. These are Pex18p and Pex21p in Saccharomyces cerevisiae (52) and Pex20p in the yeast Yarrowia lipolytica (68) and the filamentous fungus Neurospora crassa (61) . Partial import defects, found in PEX5 or PEX7 null mutants, demonstrate that in yeasts the two import pathways are independent (50) (Fig. 1) . The situation is different in higher eukaryotes, in which no auxiliary proteins have been identified and deletion of the PEX5 gene blocks both the PTS1 and PTS2 pathways (8, 43) . The long isoform of the mammalian Pex5p shares a conserved sequence region, referred to as the Pex7p binding box, with the nonorthologous proteins Pex18p, Pex20p, and Pex21p (18, 21) (Fig. 1) . However, the function of the auxiliary proteins of the PTS2 import pathway is still elusive.
Besides these two pathways for PTS1 and PTS2 proteins, at least one other import route exists for peroxisomal matrix proteins which do not contain recognizable PTS1 or PTS2 signals. For some of these proteins, it has been reported that they form complexes with PTS-containing proteins and therefore enter the peroxisomes by a "piggyback" mechanism (45, 80) . However, other non-PTS1/PTS2 proteins are able to interact directly with Pex5p in a non-PTS1-dependent fashion. This was shown for Fox1p and a version of S. cerevisiae Cat2p with PTS1 deleted (38) . These proteins bind to a region of Pex5p which is outside the TPR domain responsible for PTS1 recognition (Fig. 1) . The corresponding targeting signal (PTS3), however, has not yet been identified.
The cytoplasmic receptor-cargo complexes dock at the peroxisomal membrane, most likely via protein-protein interactions with the integral membrane proteins Pex14p and/or Pex13p (for reviews, see references 20, 41, and 63) . In several cases it could be demonstrated that conserved linear sequence motifs, the WXXXF motifs, are ligands for one or both membrane proteins (5, 49, 56) . One or more copies of this motif exist within the sequences of Pex5p and auxiliary proteins of the PTS2 import pathway (21) (Fig. 1) . Events following dock-ing, e.g., the translocation of cargo proteins across the membrane and recycling of receptors, are poorly understood.
The extended shuttle model suggests that the receptor-cargo complex enters (at least partly) the lumen of the peroxisome before it dissociates and the receptor returns to the cytosol for another import cycle (13) . Despite all efforts, a pore which could facilitate the transport of oligomeric protein complexes has not yet been identified. On the other hand, a number of proteins shown to be essential for matrix protein import (peroxins) are associated with the PTS receptors at the peroxisomal membrane. Direct in vitro interactions between receptors and membrane-associated peroxins were demonstrated by various techniques for Pex5p/Pex14p (28, 49, 58, 70) , Pex5p/Pex13p (5, 19, 23, 24, 30, 70) , Pex7p/Pex14p (7, 48, 60, 64) , Pex7p/Pex13p (64) , and Pex5p/Pex8p (75) . Pex14p, Pex17p, and Pex13p are constituents of the docking core complex, whereas Pex10p, Pex12p, and Pex2p are referred to as the ring finger core complex (2, 32) . It has been demonstrated that the association of these two subcomplexes requires an intraperoxisomal peroxin, Pex8p (2). The whole Pex5p-associated multiprotein complex is referred to as the importomer (2) .
In this paper we show that the N-terminal half of Pex5p alone acts as a fully functional receptor for Fox1p. We conclude that two basic functions of protein import into peroxisomes, namely, cargo recognition and receptor transport, can be assigned to distinct regions of the PTS1 receptor Pex5p. Furthermore, using a chimeric protein consisting of Pex18p (without its Pex7p binding site) and the C-terminal half of Pex5p, we could demonstrate that Pex18p can functionally replace the N-terminal half of Pex5p in transporting PTS1 proteins into peroxisomes.
MATERIALS AND METHODS
Strains, media, and growth conditions. All bacterial manipulations were carried out with Escherichia coli strain DH5␣. The yeast strains used in this study are listed in Table 1 . Strains which express proteins fused to gamma enhanced green fluorescent protein (GFP) or tobacco etch virus protease cleavage site-protein A (TEV-ProtA) were produced by transforming haploid yeast cells with the PCR products obtained by the strategy of Knop et al. (39) . The sequences of the oligonucleotides used to amplify the integration cassettes are presented in Table  2 . To fuse the coding region of gamma enhanced GFP in frame to genomic FOX1, the oligonucleotides KU1169 and KU1170 were used. To create strains expressing Pex5p-ProtA (synonymous with Pex5p-TEV-ProtA) and Pex5p-NProtA [synonymous with Pex5(1-313)p-TEV-ProtA] by genomic integration, PCR products were obtained with the primer pairs KU896-KU897 and KU896-KU1263, respectively, and transformed into wild-type and pex5⌬ cells as described by Schiestl and Gietz (57) . Transformants were selected for kanamycin resistance as a marker, and proper integration was confirmed by PCR and immunodetection of the respective fusion protein.
Complete and minimal media used for yeast culturing have been described previously (26) . YNO medium contained 0.1% (wt/vol) oleic acid, 0.05% (vol/ vol) Tween 40, 0.1% (wt/vol) yeast extract, and 0.67% (wt/vol) yeast nitrogen base with amino acids (pH 6.0). To induce pex mutants by oleate, either cells grown with 0.3% glucose were shifted to an oleate medium or mutant cells were grown in YNO medium supplemented with 0.1% glucose. Oleic acid plates were prepared as described previously and contain 0.1% (wt/vol) oleic acid, 0.5% (wt/vol) Tween 40, 0.1% (wt/vol) yeast extract, 0.67% (wt/vol) yeast nitrogen base, amino acids (pH 6.0), and 1% (wt/vol) agarose. Manipulation of yeast cells was performed according to standard methods (55) .
Plasmids, oligonucleotides, and cloning procedures. The N-terminal half of Pex5p (Pex5p-N) comprising amino acids 1 to 313, the C-terminal part of Pex5p consisting of amino acids 313 to 612 (Pex5p-C), and the Pex18/5p-C hybrid protein containing Pex18p(1-225) in fusion with Pex5p-C were expressed in yeast cells from low-copy-number vectors under control of the PEX5 promoter. The corresponding coding DNA regions were created by PCR with genomic DNA of the wild-type strain as a template. The oligonucleotides used in this study are listed in Table 2 and were obtained from Eurogentec (Seraing, Belgium).
The PEX5 N fragment was amplified by using the primers KU875 and KU878. The SalI/BglII PEX5(1-939) fragment was first cloned into SalI/BglII-restricted pPC86 (11), followed by digestion with SalI and BamHI, resulting in a fragment containing PEX5 PEX5-C was amplified by using the primer pair KU1411-KU1405. The SalI/ BglII-digested amplification product was cloned into SalI/BglII-digested pWK-PEX5(1-313), resulting in pDK-PEX5(313-612).
To express the Pex18/5p-C-hybrid, the coding sequences of Pex18p(1-225) and Pex5p(313-612) were amplified by using the primer pairs KU1382-KU1347 and KU1346-KU1383, respectively, followed by overlap extension PCR (34) with primer pair KU1382-KU1383. The 1,593-bp amplification product was cloned after SalI/BglII restriction into SalI/BglII-digested pWK-PEX5(1-313), resulting in pDK-Pex18/5p-C.
The yeast expression plasmid pGFP-SKL codes for a modified version of the GFP of Aequoria victorea (S65T) terminating in the PTS1, SKL. The coding sequence was isolated together with the MET25 promoter region and the cyc termination region as a SacI/KpnI fragment from plasmid pRS6MPTS1GFP, which was kindly provided by W. Girzalsky (Bochum, Germany), and cloned into pRS415 (Stratagene), resulting in pGFP-SKL.
Antibodies. Western blots were incubated with polyclonal rabbit antibodies raised against glutathione S-transferase-GFP, catalase A, 3-ketoacyl-coenzyme A (CoA) thiolase, Fox1p, Pex3p, Pex5p, Pex10p, Pex12p, Pex13p, Pex14p, Pex17p, and fructose-1,6-bisphosphatase (all raised in our laboratory) and aconitase (a kind gift of R. Lill, University of Marburg, Marburg, Germany). Horseradish peroxidase-coupled anti-rabbit immunoglobulin G (IgG) in combination with the ECL system (Amersham Biosciences, Freiburg, Germany) was used to detect immunoreactive complexes. For immunofluorescence analysis, additional monoclonal antibodies against all fluorescent proteins (AFP, 1:250; Q-Biogene, Heidelberg, Germany), Cy3-conjugated goat anti-rabbit IgG (Alexa-Fluor 568, 1:500; Molecular Probes, Leiden, Netherlands), and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Alexa-Fluor 488, 1:500) were used.
Immunopurification of membrane-associated protein complexes. The isolations of membrane-associated Pex5p-ProtA and Pex5p-N-ProtA with IgG-coupled Sepharose were performed as described by Agne et al. (2) . In addition, a washing step with the total 100,000 ϫ g sedimented cell membranes (4°C, 1 h, Hitachi RP45AT rotor) was performed in 60 ml of buffer containing 20 mM HEPES, 100 mM potassium acetate, 5 mM magnesium acetate (pH 7.5), and protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 8 M antipain, 5 mM NaF, 10 M chymostatin), followed by another centrifugation at 100,000 ϫ g. Two hundred milligrams of the membrane sediment was solubilized with 1% (wt/vol) digitonin (Calbiochem) and subjected to affinity chromatography. For elution of Pex5p-ProtA and Pex5p-N-ProtA containing protein complexes bound to IgG-coupled Sepharose, the resin was incubated with 50 l of sodium dodecyl sulfate sample buffer and analyzed by immunoblotting.
Cell fractionation. Spheroplasting of yeast cells and homogenization were performed as described by Erdmann et al. (26) . A volume of 5 to 7 ml corresponding to 7 mg of total proteins of postnuclear supernatants were loaded on preformed 15.5 to 36% (wt/vol) Optiprep (Iodixanol) gradients containing 18% (wt/vol) sucrose, 5 mM MES (morpholineethanesulfonic acid) (pH 6.0), 1 mM EDTA, 1 mM KCl, and 0.1% ethanol underlaid with 1 ml of 60% (wt/vol) Optiprep solution (Nycomed, Oslo, Norway). Gradients (about 30 ml) were centrifuged for 90 min at 48,000 ϫ g at 4°C in an SV-288 rotor (Sorvall RC5B; DuPont, Bad Nauheim, Germany) and subsequently fractionated in 26 fractions of 1.2 ml each. One half of each fraction was applied for enzyme and refractive index measurements followed by conversion to the respective density. The other half was used for Western blot analysis as described by Erdmann et al. (26) . The enzyme activities of ketoacyl-CoA thiolase (EC 2.3.1.16), catalase (EC 1.11.1.6), and cytochrome c oxidase (EC 1.9.3.1) were measured according to published procedures (6, 46, 69) .
Electron microscopy. For immunoelectron microscopy, whole cells were fixed and prepared as described by Waterham et al. (76) . Immunolabeling was performed on ultrathin sections of Unicryl-embedded cells, using specific polyclonal Fluorescence microscopy. For fluorescence microscopy, yeast cells were transformed with Pex5p-N-, Pex18/5p-C-, and GFP-SKL-coding plasmids. The analyses were performed according to the method of Westermann and Neupert (77) , or the cells were prepared as described by Erdmann and Kunau (25) for double labeling.
The direct fluorescence of GFP was recorded at room temperature in distilled water with a Axiophot microscope (Zeiss, Oberkochen, Germany) and a 100ϫ, 1.4 NA oil immersion objective. Both fluorescence and optical photographs were taken by using the connected hardware in combination with the Spot RT software version 3.1 (Diagnostics Instruments). For double labeling, spheroplasts were bound on polylysine-covered glass slides and labeled with polyclonal antibodies against 3-ketoacyl-CoA thiolase (25) and monoclonal antibodies against all fluorescent proteins (AFP). As second antibodies, Cy3-conjugated goat antirabbit IgG (Alexa-Fluor 568) and FITC-conjugated goat anti-mouse IgG (AlexaFluor 488) (Molecular Probes) were applied. The cells were covered with mounting solution containing n-propylgallate (35) . For confocal imaging and merging, an LSM 510 system attached to an Axiovert 100 microscope (Zeiss) was employed. Adjustments of contrast and brightness were carried out with Adobe Photoshop software version 5.0, and characteristic cells were cut out and copied to Macromedia Freehand software version 8.0 or 10.0.
RESULTS
The N-terminal half of Pex5p associates with the docking complex at the peroxisomal membrane. In accordance with the extended shuttle hypothesis (13, 17, 42) , a significant fraction of the predominantly cytosolic PTS1 receptor Pex5p of S. cerevisiae is associated with peroxisomal membranes. In order to investigate which part of Pex5p is responsible for the binding at the peroxisomal membrane, we studied a C-terminally truncated version, Pex5p-N, comprising amino acid residues 1 to 313 and therefore lacking all six TPR motifs, which have been demonstrated to be necessary and sufficient for the recognition of PTS1 cargo proteins. Pex5p-N was expressed in oleic acidgrown pex5⌬ cells of S. cerevisiae. Separation of whole-cell lysate by centrifugation at 25,000 ϫ g for 20 min into an organellar fraction and a supernatant revealed that approximately 50% of Pex5p-N associated with the pellet (data not shown). This was a surprising result, because in density gradients much less Pex5p-N comigrates with mature peroxisomes (see Fig. 4 ). This seems to suggest that at least part of the Pex5p-N detected in fractions of lower density sediments at 25,000 ϫ g.
To investigate which of the membrane-bound peroxins are involved in the association of Pex5p-N with the peroxisomal membrane, multiprotein complexes from cells expressing either Pex5p-N or Pex5p tagged with protein A were isolated from total cellular membranes. The strains expressing protein A fusion proteins instead of wild-type Pex5p were generated by genomic integration into the PEX5 locus (see Materials and Methods). The strain expressing full-length Pex5p-ProtA (UTL-Pex5p-ProtA) grew equally well as the wild type on oleic acid as the sole carbon source, indicating that the tag does not affect the functionality of the PTS1 receptor (data not shown). Protein complexes containing protein A-tagged Pex5p forms were isolated from digitonin-solubilized membranes by means of affinity chromatography with IgG-Sepharose, using the protein A-tagged Pex5 proteins as baits. In line with results of previous experiments in which Pex2p, Pex8p, or Pex14p was used as bait (2), both wild-type Pex5p and Pex5p-N pulled out proteins of both the docking core complex and the ring finger core complex (Fig. 2) . However, in the case of Pex5p-N, the amount of the ring finger peroxins was drastically reduced compared with full-length Pex5p. In contrast, the association with the docking core complex seems not to be affected by truncation of the C-terminal half of Pex5p, as indicated by equal amounts of Pex13p, Pex14p, and Pex17p in both eluates (Fig. 2) .
Taken together, these findings indicate that the N-terminal half of Pex5p has the ability to dock efficiently to the peroxisomal membrane. Moreover, the binding occurs with key components of the importomer.
The N-terminal half of Pex5p functions as a peroxisome import receptor of Fox1p. In order to investigate whether Pex5p-N not only associates with the importomer of the peroxisomal membrane but also facilitates cargo transport into the organelle, we studied the import of acyl-CoA oxidase (Fox1p) FIG. 2 . Pex5p-N-ProtA assembles with several membrane-associated peroxins. S. cerevisiae wild-type cells (UTL) and mutant cell lines in which the genomic copy of the PEX5 open reading frame was replaced by a DNA regions coding for Pex5p-ProtA (UTL-Pex5p-ProtA) or Pex5p-N-ProtA (pex5⌬-Pex5p-N-ProtA) fusion proteins were grown for 14 h on oleate medium. Membrane protein complexes were solubilized with 1% (wt/vol) digitonin from total cellular membranes. Equal amounts of these protein mixtures containing either protein A-tagged Pex5 proteins (UTL-Pex5p-ProtA and pex5⌬-Pex5p-N-ProtA) or nontagged Pex5p (UTL, wild type) as a control for unspecific binding were subjected to affinity chromatography with IgGcoupled Sepharose. Bound proteins were eluted with sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer and subjected to immunoblot analyses with antisera directed against Pex5p; suggested docking complex constituents Pex13p, Pex14p, and Pex17p; and ring finger peroxins Pex12p, Pex10p, and Pex3p as a nonconstituent of this complex. (38) . For localization studies, we generated wild-type and pex5⌬ strains expressing Fox1p fused C terminally to GFP under the control of its own promoter. The wild-type strain exhibited normal growth on oleic acid medium, demonstrating that the functionality of Fox1p is not affected by the fusion (data not shown). The intracellular distribution of Fox1p-GFP was analyzed by immunofluorescence and subcellular fractionation by using density gradient centrifugation. Whereas in wild-type cells Fox1p-GFP is targeted to peroxisomes, in pex5⌬ cells Fox1p-GFP is mislocalized to the cytosol. The Fox1p import defect of pex5⌬ cells is clearly shown by a diffuse cytosolic staining in immunofluorescence analysis (Fig. 3) , as well as by the fact that most of the Fox1p, like catalase, no longer comigrated with peroxisomal membrane proteins and thiolase during density gradient centrifugation but could be detected in fractions of lower density (Fig. 4A) . Additional expression of Pex5p-N in the pex5 deletion strain restored the peroxisome targeting of Fox1p-GFP, as indicated by a punctate pattern and colocalization of Fox1p-GFP with thiolase ( Fig. 3 ) and Pex14p (data not shown) in fluorescence studies. Pex5p-N was also expressed together with Fox1p-GFP in double-deletion strains. Immunofluorescence studies revealed a diffuse cytosolic staining for Fox1p-GFP in pex5⌬ pex8⌬, pex5⌬ pex12⌬, and pex5⌬ pex14⌬ strains (Fig. 3) . This suggests that the peroxins Pex8p, Pex12p, and Pex14p are significantly involved in Pex5p-N-mediated Fox1p import. In particular, the requirement of Pex12p seems to be relevant here, because the amounts of Pex5p-Nassociated ring finger peroxins at the peroxisomal membrane are drastically reduced compared with those in the full-length Pex5p membrane complex (Fig. 2) . Subcellular fractionation studies further supported the colocalization of Fox1p with various peroxisomal membrane proteins and the PTS2 protein thiolase in pex5⌬ cells expressing Pex5p-N. Fox1p-GFP migrated in Optiprep-sucrose gradients to a density similar to that for mature peroxisomes, whereas the PTS1 protein catalase A remained at the top of the gradient (Fig. 4A) . Consistent with the absence of the C-terminal half of Pex5p, there is no indication of a discrete localization of the PTS1 protein GFP-SKL in Pex5p-N-ProtA-expressing cells (Fig. 4B) .
To distinguish whether Fox1-GFP is accumulated at the outer surface of the membrane or actually imported into peroxisomes, we applied immunoelectron microscopy. Oleategrown pex5⌬ mutant cells of S. cerevisiae with and without the expression of Fox1p-GFP are characterized morphologically by the absence of normal peroxisomes. Instead, these cells contain several multilamellar vesicles or membrane stacks which can be labeled by antithiolase antibodies (Fig. 5) (74) and various antibodies directed against peroxisomal membrane proteins (33) . When pex5⌬-FOX1-GFP cells were transformed with the Pex5p-N-expressing plasmid, we observed a profound morphological change. All cells contain vesicles with an electron-dense matrix resembling wild-type peroxisomes in number and size (Fig. 5 ). Immunogold labeling with anti-GFP antibodies revealed that Fox1p, like thiolase, is localized to the matrix of these peroxisomes. These findings show that the N-terminal half of Pex5p enables not only the association with the peroxisomal membrane but also the translocation of Fox1p-GFP across it, which in turn restores normal peroxisome morphology.
A chimeric protein consisting of Pex18(1-225)p and the Cterminal half of Pex5p can mediate the import of PTS1 proteins into peroxisomes. Next we asked whether the modular character of the PTS1 receptor also applies to components of the PTS2 import pathway. In S. cerevisiae this import route FIG. 3 . The N-terminal half of Pex5p without the TPR region enables Fox1p targeting to peroxisomes. The localization of Fox1p-GFP, expressed from a genomic context, in cells of UTL (wild type), the pex5⌬ strain, and pex5⌬ pex14⌬, pex5⌬ pex8⌬, and pex5⌬ pex12⌬ double-deletion strains, with or without Pex5p-N expression plasmid, was examined by indirect immunofluorescence with a confocal laser scanning microscope. Peroxisomes were labeled with rabbit antithiolase antibodies and Cy3-conjugated secondary antibody (left panels). Fox1p-GFP was marked with monoclonal mouse anti-GFP antibodies and FITC-conjugated secondary antibody (middle panels). Colocalization of Fox1p-GFP with thiolase is indicated by the yellow color in the right panels, obtained by overlaying the images of the left and middle panels. Bars, 5 m. In order to test this hypothesis, we replaced the C-terminal Pex7p binding site of Pex18p with the C-terminal half of Pex5p, which contains the PTS1 cargo binding site (Fig. 6A) . This hybrid protein, designated Pex18/5p-C, was coexpressed in a PEX5 deletion strain together with the PTS1 reporter protein GFP-SKL, and the intracellular localization of GFP-SKL was analyzed by fluorescence microscopy (Fig. 6B) . The punctate pattern obtained suggested that despite the lack of the N-terminal half of Pex5p, GFP-SKL is targeted to peroxisomes. To exclude the possibility that the observed punctate pattern is caused by aggregation of GFP-SKL in the presence of Pex18/ 5p-C, we analyzed the localization of GFP-SKL in three additional double mutants which are known not to form importcompetent peroxisomes, the pex5⌬ pex8⌬, pex5⌬ pex12⌬, and pex5⌬ pex14⌬ mutants. In each case, we observed no indication of a punctate pattern but always a diffuse staining of the cytosol (Fig. 6B) . A punctate pattern was also obtained when the same experiment was carried out with a double mutant in which both receptors, Pex5p and Pex7p, were deleted. These results clearly demonstrate that the targeting of GFP-SKL to peroxisomes facilitated by the chimeric protein Pex18/5p-C does not require Pex7p. We extended our analysis of Pex18/5p-C function by exploring whether endogenous PTS1 proteins have actually been imported into peroxisomes. To this end, we tested whether the hybrid protein is able to rescue the PTS1 import defect of the PEX5 deletion mutant by using a growth test in which oleic acid is the sole carbon and energy source. To degrade oleic acid, all enzymes of the beta-oxidation pathway must be localized to the peroxisome. These enzymes include PTS1-containing proteins such as Eci1p (enoyl-CoA isomerase) and Fox2p (multifunctional ␤-oxidation enzyme), the PTS2-targeted protein thiolase, and the non-PTS1/PTS2 protein Fox1p (acylCoA oxidase) (36) . Not surprisingly, the expression of the chimeric Pex18/5p-C alone in pex5⌬ cells cannot rescue the oleate nonutilizer phenotype of the pex5 mutant (Fig. 6D) . As the import of the non-PTS1 matrix protein Fox1p requires its binding to the N-terminal half of Pex5p (see above), we re- peated the experiments with transformants which expressed both the hybrid protein Pex18/5p-C and Pex5p-N and found that these two proteins restored the ability to grow on oleic acid as the sole carbon source (Fig, 6D) . Although growth was reduced compared to that of wild-type cells, the result clearly demonstrated that the chimeric protein Pex18/5p-C facilitates the import of PTS1 proteins into peroxisomes. This conclusion was further supported by immunoelectron microscopy, showing that in cells expressing both the hybrid protein and Pex5p-N, GFP-SKL was found predominantly in peroxisomes (Fig. 6C) . In contrast, a strain which expressed Pex5p-N together with Pex5p-C did not grow. These data indicate that it is indeed the Pex18p portion of the chimera that imparts the transport of cargo and not the Pex5p portion.
DISCUSSION
According to the extended receptor cycle, peroxisomal import receptors have to fulfill two distinct functions, cargo recognition and transport. It has been demonstrated that the PTS-specific recognition of cargo proteins is mediated by the C-terminal half of Pex5p (10, 29, 66, 67) and full-length Pex7p (22, 53) . In this study, we explored the role of the N-terminal halves of the PTS1 receptor Pex5p and of Pex18p, one of the binding partners of the PTS2 receptor Pex7p. We present evidence that in S. cerevisiae, the N-terminal half of Pex5p is sufficient to import Fox1p into peroxisomes. Moreover, Pex18p when fused to the C-terminal half of Pex5p can substitute for the N-terminal half of Pex5p in transporting PTS1 proteins from the cytosol to the peroxisomal matrix. These findings strongly suggest that both the N-terminal half of Pex5p and Pex18p are sufficient for receptor docking and cargo transport into peroxisomes.
Evidence that the N-terminal half of Pex5p is sufficient to transport a matrix protein across the membrane. The extended receptor cycle requires that the receptor binds and enters the peroxisomal membrane, facilitates the cargo release, and exits the peroxisome (13) . To analyze the role of the first half of Pex5p (Pex5p-N) in peroxisomal protein import, we took advantage of the recent observation that the import of Fox1p, a protein that lacks PTS1, is nevertheless strictly dependent on its binding to the N-terminal half of Pex5p (38) . Our demonstration that Pex5p-N is sufficient to fulfill the role of a Fox1p import receptor in vivo is based on multiple experimental approaches that include isolation of Pex5p-N-containing complexes from the peroxisomal membrane, cell fractionation studies, and morphological analyses (immunofluorescence and immunoelectron microscopy). The density gradient experiments and the immunofluorescence pattern obtained demonstrated the efficient targeting of Fox1p to peroxisomes. Immunelectron micrographs clearly showed that in pex5⌬ cells, Fox1p-GFP was indeed translocated in a Pex5p-N-dependent manner into the peroxisomal matrix. These data demonstrate that the N-terminal half of Pex5p is sufficient to transport a matrix protein into the peroxisome. According to the model of the extended receptor cycle, this would suggest that this part of the PTS1 receptor performs the membrane-bound steps of this cycle. However, this remains to be experimentally shown. Another possibility is that the import of Fox1p, as a non-PTS1, non-PTS2 protein, follows a hithertounknown translocation route. However, this latter seems extremely unlikely, as Pex5p-N was found at the peroxisomal membrane associated with the same set of peroxins as wild-type Pex5p. This notion is further supported by the findings that deletions of the PEX8, PEX12, or PEX14 gene, all of which are essential for the import of PTS1 and PTS2 proteins (3, 4, 54) , also prevent the Pex5p-N-mediated import of Fox1p. However, when we isolated the membrane-bound pool of Pex5p or Pex5p-N under native conditions, significantly reduced amounts of the ring finger peroxins Pex10p and Pex12p were associated with Pex5p-N. Thus, the C-terminal half of Pex5p together with PTS1 cargo proteins seems to influence the dynamic assembly of the importomer from its subcomplexes (2) . Interestingly, in higher eukaryotes a direct interaction between the TPR region of Pex5p and the ring finger peroxin Pex12p has recently been demonstrated (27) . With regard to import of Fox1p, it appears that this interaction between the TPR region of Pex5p and the ring finger core complex, although not yet demonstrated in yeast, is dispensable.
In summary, our results indicate that the basic functions of PTS receptors, cargo recognition and receptor transport, can be assigned to distinct halves of the molecule, demonstrating a modular organization of yeast Pex5p. As the beta-oxidation system in S. cerevisiae comprises members of all three classes of peroxisomal matrix proteins (PTS1, PTS2, and non-PTS1/2 proteins), growth on oleate is an assay for the functionality of all three import routes (e.g., growth of wild-type cells demonstrates that all import pathways are functional, as illustrated in the table). For this assay cells were grown in medium containing 0.3% glucose for 16 h. Equal numbers of cells were diluted in distilled water, and aliquots were applied as a series of 10-fold dilutions on an oleic acid plate, whereas the spots on the left correspond to 2 ϫ 10 4 cells. The growth plate was subsequently incubated at 30°C for 5 days. The partial import defects of cells expressing only the chimeric Pex18/5p-C (pex5⌬ cells transformed with Pex18/5p-C expression plasmid) or Pex5p-N (pex5⌬-Pex5p-N-ProtA) can be rescued when both proteins are expressed together (pex5⌬-Pex5p-N-ProtA strain transformed with Pex18/5p-C expression plasmid). The C-terminal half of Pex5p alone (Pex5p-C), not fused to Pex18p, is not able to mediate import of PTS1 proteins. This is demonstrated by the inability of the pex5⌬-Pex5p-N-ProtA strain, transformed with Pex5p-C expression plasmid, to grow on oleate.
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Pex18p can replace the transport domain of Pex5p in PTS1 protein import. Previous studies revealed functional and structural similarities between the mammalian PTS1 receptor Pex5p and the auxiliary yeast proteins of the PTS2 pathways, Pex18p and Pex21p. For example, all three proteins possess common structural motifs, such as a stretch of conserved amino acids representing a Pex7p binding box and WXXXF sequence patterns (18, 21) . In the light of the observation that Pex5p-N is sufficient for cargo transport (see above), it was tempting to test whether the same is true for the auxiliary proteins, especially as no distinct function could as yet be assigned to these proteins. Three lines of evidence indicate that this is indeed the case. The chimeric protein of Pex18p without its Pex7p binding box and Pex5p-C, comprising the C-terminal half of Pex5p, led in pex5⌬ cells to (i) a punctate immunofluorescence pattern of GFP-SKL, (ii) peroxisomal import of GFP-SKL as shown by immunoelectron microscopy, and (iii) growth on oleic acid when expressed together with Pex5p-N. Pex5p-N is required for the ability to import Fox1p (acyl-CoA oxidase), which is an essential enzyme of fatty acid utilization (15) . Although the import mediated by Pex18/5p-C is not as efficient as that with wild-type Pex5p, these findings nevertheless clearly demonstrate that the chimeric protein in principle transports PTS1 proteins into the peroxisome. This conclusion suggests that not only wild-type Pex18p but most likely also the other auxiliary proteins, which have been shown to be functionally redundant (21, 52, 61) , are sufficient for receptor docking and cargo import into peroxisomes.
Consistent with this suggestion are reports about interactions between auxiliary proteins of the PTS2 pathway and membrane-bound peroxins. While for Pex18p itself no such interactions have yet been reported, its functional counterparts ScPex21p and YlPex20p have been shown to interact with Pex13p (21) and Pex8p (62) . Both peroxins are also known binding partners of Pex5p (24, 54) .
In summary, it has not yet been unequivocally demonstrated that the PTS1 import facilitated by the chimeric Pex18/5p-C involves interactions with binding partners at and in the peroxisomal membrane that are identical to those for Pex5p-mediated protein import. However, this is suggested by data obtained with double mutants demonstrating the requirement of Pex8p, Pex12p, and Pex14p for the PTS1 import mediated by the chimeric Pex18/5p-C (Fig. 6A) .
Assuming that the demonstrated function of Pex18p is identical to its natural role during import of PTS2 proteins, it is tempting to conclude that the actual functional receptor in the PTS2 pathway is a hetero-oligomer of at least one of the auxiliary proteins and Pex7p. In this receptor complex, Pex7p is required for the cargo recognition and the auxiliary proteins are required for the transport of PTS2 proteins. The known interactions of Pex7p with Pex13p and Pex14p (64) seem to argue against such a strict modular organization of the PTS2 receptor complex. However, the prevailing interpretation of these Pex7p in vitro interactions as docking steps in vivo still needs experimental substantiation.
The results presented here have evolutionary implications. They provide a rationale for the previously intriguing observations that homologues of the fungal auxiliary proteins of the PTS2 import pathway have not been found in higher eukaryotes. Instead, the longer of two splice isoforms of the PTS1 receptor, Pex5pL, is able to interact directly with the PTS2 receptor via a conserved Pex7p binding site which is absent in Pex5p from lower eukaryotes (21) . The acquisition of this additional property during the course of evolution enables Pex5pL to act as a point of convergence for both the PTS1 and the PTS2 import pathway prior to steps involving the peroxisomal membrane.
